The ascending reticular activating system (ARAS) plays a key role in the control of arousal and awareness for consciousness (Paus, 2000; Zeman, 2001; Van der Werf et al., 2002; Weiss et al., 2007; Siposan and Aliu, 2014). It is well known that the ARAS originates from the reticular formation (RF) of the brainstem, and connects to the cerebral cortex via intralaminar nuclei (ILN) of thalamus, hypothalamus and direct pathways to the cerebral cortex (Paus, 2000; Zeman, 2001; Van der Werf et al., 2002; Yeo et al., 2013; Jang and Kwon, 2015). The hypothalamus is involved in the regulation of sleep and awareness which is associated with the main timekeeper of consciousness (Lin, 2000; Lin et al., 2011). By contrast, ILN is related to arousal of cortical and subcortical regions (Purpura and Schiff, 1997; Van der Werf et al., 2002). Therefore, precise evaluation of each component of the ARAS is important for assessment and intervention of patients with impaired arousal or awareness. However, exact responsibility of each pathway of the ARAS in the regulation of consciousness remains a topic of interest and concern.

Diffusion tensor tractography (DTT) has enabled reconstruction of each component of the ARAS (Edlow et al., 2012; Yeo et al., 2013; Jang and Kwon, 2015). As a result, several recent studies using DTT have reported lesion of the ARAS in patients with brain injury (Edlow et al., 2013; Jang et al., 2014, 2015a; Jang and Lee, 2015). However, relatively little is known about restoration or recovery of an injured ARAS (Jang and Yeo, 2015).

In the current study, using DTT, we report on a patient with intraventricular hemorrhage who showed restoration of a damaged lower dorsal ARAS between the RF and ILN, which was demonstrated on DTT.

A 50-year-old female patient underwent brain computed tomography (CT) guided stereotactic drainage of intraventricular hematoma using the right frontal approach in the neurosurgery department (**[Figure 1A](#F1){ref-type="fig"}**). Four weeks after onset, a patient was transferred to the department of rehabilitation medicine. The patient exhibited mild cognitive impairment and mild motor weakness in both upper and lower extremities, however, she did not show impairment of consciousness; Glasgow Coma Scale: 15 (4 weeks), Coma Recovery scale: 23 (4 weeks) and Mini Mental State Examination: 19 (4 weeks) (Teasdale and Jennett, 1974; Ross et al., 2003; Lovstad et al., 2010). Six age-matched control subjects (two males; mean age: 52.0 years, range: 48--56 years) with no history of neurologic disease were randomly recruited for the control group. The study protocol was approved by the Institutional Review Board of Yeungnam University Hospital, Republic of Korea (YUH-12-0421-O60).

![Brain computed tomography (CT) and diffusion tensor tractography (DTT) of a 50-year-old female patient with intraventricular hemorrhage who showed restoration of a damaged lower dorsal ARAS between the reticular formation (RF) and intralaminar nuclei.\
(A) Brain CT on the day of onset shows hematomas (arrows) in the lateral, third, and fourth ventricles. (B) Both narrowed (arrow; orange: right, blue: left) dorsal ARAS between reticular formation and intralaminar nuclei had become thicker on 4-month DTT compared with 4-week DTT. By contrast, the ventral ARAS between RF and hypothalamus was similar to that in a 54-year-old female normal control subject. In addition, neural connectivity of the intralaminar nuclei between thalamus and cerebral cortex showed similar connectivity in patient and normal control subject. ARAS: Ascending reticular activation system; R: right.](NRR-13-2022-g001){#F1}

Diffusion tensor imaging (DTI) data were collected at 4 weeks and 4 months after stroke onset using a 6-channel head coil on a 1.5 T Philips Gyroscan Intera (Philips., Ltd., Best, The Netherlands) with single-shot echo-planar imaging.

Sixty seven contiguous slices were collected parallel to the anterior commissure-posterior commissure line for 32 non-collinear diffusion sensitizing gradients. Acquired imaging parameters were as follows: acquisition matrix = 96 × 96; reconstructed matrix = 192 × 192; field of view = 240 × 240 mm^2^; repetition time = 10,726 ms; echo time = 76 ms; parallel imaging reduction factor = 2; echo planar imaging factor = 49; b = 1000 s/mm^2^; number of excitations = 1; and a slice thickness of 2.5 mm.

Analysis of DTT data was performed using Functional Magnetic Resonance Imaging of the Brain (FMRIB) Software Library (FSL v5.0; [www.fmrib.ox.ac.uk/fsl](www.fmrib.ox.ac.uk/fsl)). Fiber tracking for the reconstruction of neural pathway was performed using a probabilistic tractography method based on a multifiber model.

The reconstruction of the ARAS was determined by seed regions of interest (ROI) and the target ROI. For the lower ventral ARAS between RF and hypothalamus, a seed ROI was given on the RF of the pons, and the target ROI was given at the hypothalamus including the mammillary body on the upper midbrain (Jang and Kwon, 2015). For the lower dorsal ARAS between RF and ILN, a seed ROI was given on the RF of the pons, and the target ROI was given on the ILN of the thalamus at the level of the commissural plane (Yeo et al., 2013). To analyze the connectivity of the ILN, the seed ROI was given at the ILN at the level of the commissural plane (Yeo et al., 2013). Out of 5000 samples generated from the seed voxel, results for contact were visualized at a minimum threshold of 1 streamlined through each voxel for analysis. In this study, we measured the fractional anisotropy value (FA), mean diffusivity value (MD), and tract volume (TV) for the lower dorsal and ventral ARAS. We defined an abnormal value when the DTT parameter values showed a deviation of more than two standard deviations from normal control values.

On 4-week DTT, the TV value in both hemispheres of the lower dorsal ARAS was decreased by more than two standard deviations of those of normal control subjects (**[Table 1](#T1){ref-type="table"}**). By contrast, on 4-month DTT, the TV values in both hemispheres were within two standard deviations of those of normal control subjects. In the lower ventral ARAS, FA, MD, and TV values at 4 weeks and 4 months after stroke onset were similar to those of the normal control subjects. On 4-week DTTs, both lower dorsal ARAS in the patient were thinner compared with normal control subjects; in contrast, both lower dorsal ARAS had become thicker on 4-month DTT. Regarding the neural connectivity of the ILN, neural connectivity to the basal forebrain and cerebral cortex at 4 weeks and 4 months after stroke onset was similar to that in the normal control subjects (**[Figure 1B](#F1){ref-type="fig"}**).
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In the current study, using DTT, we evaluated the lower dorsal and ventral ARAS, and cerebral connectivity of ILN in a patient who showed intact consciousness following intraventricular hemorrhage. According to our findings, on the 4-week DTT, the TV of the lower dorsal ARAS in both hemispheres was decreased compared with that in the control group, however, the values of FA and MD were similar to those of the control group. In addition, the FA, MD, and TV values of the lower ventral ARAS and connectivity of ILN were not different from those of the control group. The FA value represents the degree of orientation and integrity of white matter microstructures, while the MD value indicates the water diffusion magnitude (Assaf and Pasternak, 2008). The TV is determined by number of voxels contained within a reconstructed neural pathway (Seo and Jang, 2013). Therefore, the decreased TV without changes in FA and MD values appears to indicate injury of the lower dorsal ARAS (Assaf and Pasternak, 2008; Seo and Jang, 2013). In addition, the increment of TV for both ARAS between RF and ILN on 4-month DTT indicates restoration of the injured lower dorsal ARAS. The thickening of both dorsal ARAS at 4 weeks and 4 months after stroke onset appears to coincide with the results of DTT parameters. In contrast, the patient did not show impairment of consciousness despite the injury to the lower dorsal ARAS. The hypothalamus is responsible for regulation of awareness and ILN of the thalamus for arousal of cortical and subcortical regions (Purpura and Schiff, 1997; Lin, 2000; Van der Werf et al., 2002; Lin et al., 2011). In addition, the level of activation of ILN of the thalamus is correlated with the level of arousal (Purpura and Schiff, 1997; Van der Werf et al., 2002). Therefore, our results suggest that preservation of integrity of the lower dorsal ARAS even in case of partial injury might be enough to show intact consciousness when the lower ventral ARAS and the cerebral connectivity of the ILN are intact.

Since introduction of DTI, a few studies have reported on recovery of the ARAS in patients with brain injury (Jang et al., 2015b, 2016; Jang and Lee, 2015). Jang et al. (2015b) reported on an injured dorsal ARAS in a patient with traumatic brain injury who exhibited severe alertness deficits at onset time. At 40 months after stroke onset, the patient showed intact consciousness with recovery of the injured dorsal ARAS. Subsequently, Jang and Lee (2015) reported on the recovery of an injured ARAS with recovery of consciousness in a patient with hypoxic-ischemic brain injury. They suggested that the increment of TV of the dorsal ARAS and neural connectivity of the ILN were in agreement with recovery of consciousness; GCS of the patient was recovered from 6 to 12 points. Jang et al. (2016)reported on a patient with traumatic brain injury and hypoxic ischemic brain injury who showed recovery of the ARAS with the recovery from a vegetative state to a minimally conscious state following shunt operation for hydrocephalus and rehabilitation. The patient did not show significant change in the lower ARAS, however, increased neural connectivity between the thalamic intralaminar nucleus and other brain structures including cerebral cortex, basal forebrain, and hypothalamus was observed in both hemispheres on postoperative DTT. However, no study has reported on intact arousal with injury of the lower dorsal ARAS and the restoration of the dorsal ARAS by assessment of the whole component of the ARAS.

In conclusion, restoration of an injured lower dorsal ARAS with intact consciousness was demonstrated in a patient with intraventricular hemorrhage. We believe that DTT analysis of the whole component of the ARAS would be helpful in the evaluation of consciousness impairment after brain injury. Our results suggest the importance of preservation of the lower dorsal ARAS between the pontine RF and ILN even in case of partial injury for maintenance of consciousness. Several limitations of DTI should be considered. First, regions of fiber crossing and complexity can interrupt full reconstruction of neural pathway (Yamada et al., 2009). Second, we could not precisely define the location of ROIs because of the small and cramped size of brainstem nuclei. Lastly, further studies involving a larger number of patients should be encouraged because this is a case study.
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